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I.  INTRODUCTION 


Recently,  there  has  been  considerable  Interest  In  and  speculation  on  the 
use  of  single-mode  diode  lasers  for  optical  pumping  in  atomic  frequency 
standards.  In  particular,  current  efforts  are  primarily  focused  on  the  cesium 
beam  frequency  standard,*  where  atomic  state  preparation  by  diode  laser 
optical  pumping  and  atomic  state  detection  by  diode  laser-induced  fluorescence 
are  envisaged  as  replacing  the  traditional  A  and  B  magnets  of  atomic  beam 
standards.  The  Impetus  for  this  activity  is  the  many  possible  advantages  of 

optical  state  preparation  and  detection,  for  example  greater  signal-to-noise 

2 

ratios,  and  recent  theoretical  and  experimental  work  would  indicate  that 
these  expectations  are  well  founded.  However,  in  addition  to  the  cesium 
beam  frequency  standard  work  there  has  also  been  a  growing  Interest  in  the 
area  of  diode  laser  optical  pumping  in  rubidium  gas  cell  frequency  standards,^ 
where  it  is  anticipated  that  diode  laser  optical  pumping  will  both  improve  the 
signal-to-noise  ratio  and  drastically  reduce  light  shift  effects.®  Unfor¬ 
tunately,  in  contrast  to  the  cesium  beam  studies,  to  date,  there  have  been  no 
theoretical  calculations  to  support  these  expectations  or  to  provide  insights 
into  the  choice  of  the  optimal  optical  pumping  conditions. 

In  order  to  remedy  this  situation  the  present  series  of  theoretical 
calculations  were  undertaken.  In  particular,  we  consider  a  rubidium  gas  cell 
atomic  frequency  standard  operating  in  its  traditional  configuration  (i.e.,  cw 
optical  pumping),  except  that  the  typical  rf  discharge  lamp  used  for  optical 
pumping  is  replaced  by  a  single-mode  diode  laser  tuned  to  the  5  P3/2 
(F*0, 1,2,3)  -  5^Sj/2(f“2)  optical  absorption  resonance  of  Rb®^.  Furthermore, 
we  assume  that  there  is  no  filter  cell,  and  that  the  resonance  cell  contains 
pure  Rb®^.  The  calculations  are  performed  in  such  a  way  that  for  a  particular 
incident  diode  laser  Intensity  we  calculate  the  resonance  cell  temperature  and 
peak  microwave  Rabi  frequency  that  minimize  the  shot  noise  limited  Allan 
variance  as  well  as  the  minimum  Allan  variance  itself.  Additionally,  we 
estimate  the  effect  of  frequency  noise  for  a  frequency  stabilized  diode  laser 
on  the  frequency  standard's  performance.  This  noise  is  transferred  to  the 


atomic  standard  via  the  light  shift  effect,7 
Che  ultimate  frequency  standard  stability. 


and  as  will  be  shown,  it  limits 


II.  OVERVIEW  OF  THE  GAS  CELL  FREQUENCY  STANDARD  MODEL 


In  a  previous  publication  we  introduced  and  validated  a  nonempirical 

o 

model  of  the  gas  cell  atomic  frequency  standard.  Briefly,  this  model 
considers  the  relevant  gas  phase  physics  as  occurring  on  two  different 
scales.  On  the  microscopic  scale  the  0-0  hyperfine  transition  lineshape  of  an 
arbitrary  alkali  atom  of  half-integer  nuclear  spin  is  determined  by  the 
generalized  Vanier  theory  of  alkali  atom  hyperfine  optical  pumping.  Among 

other  parameters  this  theory  considers  the  dependence  of  the  hyperfine 
lineshape  on  optical  pimping  light  intensity  and  microwave  Rabi  frequency. 
However,  because  the  buffer  gas  pressure  in  a  gas  cell  standard  effectively 
freezes  the  alkali  atoms  in  place  on  time  scales  of  the  order  of  a  Rabi 
period,**  and  because  the  alkali  vapor  is  not  necessarily  optically  thin, 
these  two  parameters  and,  hence,  the  microscopic  lineshape,  vary  from  atom  to 
atom  within  the  vapor.  Furthermore,  as  a  result  of  diffusion  to  the  resonance 
cell  walls,  where  the  atoms  immediately  depolarize  on  impact,  there  is  a 
spatial  distribution  of  hyperfine  polarization  <!•§>.  In  some  sense  this 
spatial  distribution  of  <!•?>  can  be  imagined  as  being  superimposed  on  the 
microscopic  physics.  Thus,  there  is  a  macroscopic  scale  of  physics  in  the 
problem  which  is  related  to  both  the  spatial  variation  of  optical  pumping 
light  intensity  and  microwave  Rabi  frequency,  and  the  spatial  distribution 
of  <!*$>  due  to  diffusion  to  the  resonance  cell  walls. 

To  treat  this  macroscopic  scale  of  physics  in  a  reasonably  lucid  manner, 
the  problem  was  reduced  to  one  dimension,  so  that  only  the  longitudinal 
variation  of  the  optical  pumping  rate  and  microwave  field  strength  was 
considered.  This  is  reasonable  because  the  microwave  field  can  be  made 
uniform  in  the  transverse  dimension  by  dielectrically  loading  the  cavity,  and 
because  the  laser  intensity  can  easily  be  made  uniform  across  the  face  of  the 
resonance  cell.  The  microwave  Rabi  frequency  distribution  along  the  axial 
dimension  was  determined  by  the  microwave  cavity  mode,  assuming  that  the 
atomic  resonance  cell  filled  the  microwave  cavity.  The  axial  variation  of  the 
optical  pumping  light  intensity  was  determined  by  computing  a  "global"  optical 


pumping  parameter  £  in  a  self-consistent  manner.  In  essence,  this  global 

optical  pumping  parameter  determined  the  fractional  population  in  the 

optically  absorbing  hyperfine  multiplet,  and  thus  the  optical  depth  of  the 

vapor  as  a  result  of  optical  pumping.  Since  we  assumed  that  the  alkali  atoms 

were  effectively  frozen  in  place  in  the  resonance  cell,  the  first  order  change 

in  transmitted  light  intensity  as  a  function  of  microwave  Rabi  frequency  for  a 

wedge  of  vapor  of  thickness  dz  only  depended  on  the  local  values  of  the 

optical  pumping  light  intensity  and  microwave  Rabi  frequency.  To  include  the 

effect  of  axial  diffusion  this  first  order  macroscopic  solution  was  multiplied 

by  the  envelope  function  f(z),  which  described  the  axial  distribution  of 

hyperfine  polarization  in  an  optically  thin  vapor.  When  considering  optical 

pumping  with  lamps,  where  the  relative  optical  pumping  rates  are  typically 

low,  it  is  fair  to  approximate  f(z)  by  Minguzzi  et  al.,  first  order  diffusion 
1 2 

mode: 

f(z)  *  sin(irz/L)  ,  (1) 

where  L  is  the  length  of  the  resonance  cell.  However,  as  discussed  by 
1  3 

Franz,  when  the  optical  pumping  rate  increases  this  approximation  is  no 
longer  valid;  this  point  will  be  considered  in  more  detail  in  Section  III. 


III.  LASER-PUMPED  GAS  CELL  CLOCK 


A.  DIFFUS ION 

To  determine  the  envelope  function  f(z)  for  the  potentially  high  optical 
pumping  rates  associated  with  the  use  of  a  diode  laser,  we  consider  the  thin 
vapor  optical  pumping  rate  equation  for  a  two-level  atom  subject  to  diffusion 
in  only  one  dimension: 


dP 

dt 


D 


(2) 


where  P  is  defined  as  the  normalized  population  difference  between  the  two 
levels  (i.e.,  P=(n1  -  n2)/(nj  +  n2),  where  is  the  number  density  of  atoms 
in  the  level  i);  and  R  and  D  are,  respectively,  the  longitudinal 
collisional  relaxation  rate,  the  photon  absorption  rate  (only  one  of  the  two 
levels  is  assumed  to  interact  with  the  light),  and  the  diffusion 
coefficient.  In  steady-state  the  solution  of  Eq.  (2)  is 


P(z)  -  { 


R  +  2y 


-}  [1  -  exp(-az) ] 


i  __  _  r  oCL-z),  |  cosh(az/2) 

1  exp  *  2 - '  [cosh(a'L/2)\ 


(3) 


where 


a  =  VWi  +  |l/D 


(M 


Normalizing  P(z)  to  its  peak  value  we  obtain  the  form  of  f(z)  for  arbitrary 
optical  pumping  rates: 


,,  ,  _  [1  -  exp(-nz)]  [ exp(qL)  -  exp(az)] 

[1  -  exp(-aL/2)]  [  exp(aL)  -  exp(aL/2)] 


(3) 


This  envelope  function  is  shown  in  Fig.  1  for  several  values  of  the 
relative  photon  absorption  rate  for  the  case  of  negligible  collisional 
relaxation  (i.e.,  y^=0).  It  should  be  noted  that  as  the  photon  absorption 
rate  increases,  the  envelope  function  becomes  nearly  constant.  Thus,  the 


Spatial  Distribution  of  Hyperfine  Polarization 


contribution  of  atoms  closer  to  the  resonance  cell  walls  becomes  progressively 
more  important,  implying  that  at  high  photon  absorption  rates  the  vapor  is 
more  efficiently  exploited.  Note  also  that  even  at  relatively  low  photon 
absorption  rates  the  vapor  is  more  effectively  exploited  than  the  first  order 
diffusion  mode  approximation  would  lead  one  to  expect.  This  phenomenon  is 
shown  more  clearly  in  Fig.  2,  where  the  full  width  at  half  maximum  of  the 
envelope  function  is  plotted  as  a  function  of  the  relative  photon  absorption 
rate.  From  this  figure  it  is  clear  that  once  the  photon  absorption  rate  is 
roughly  an  order  of  magnitude  greater  than  the  rate  of  diffusion  to  the 
resonance  cell  walls  (i.e.,  D/L^),  the  first  order  diffusion  mode  approxi¬ 
mation  to  f(z)  is  no  longer  valid. 

B.  LASER  STABILITY 

In  any  attempt  to  realistically  model  the  performance  of  a  laser-pumped 
gas  cell  atomic  frequency  standard  the  frequency  and  intensity  stability  of 
the  laser  must  be  considered,  since  this  is  directly  transferred  to  the 
frequency  standard's  stability  via  the  light  shift  effect.^  To  estimate  the 
significance  of  laser  stability  on  the  standard's  performance,  we  assume  that 
the  laser  intensity  and  frequency  noise  are  uncorrelated,  so  that 

5£ +!f SI  <6) 

where  f,  u  and  I  correspond,  respectively,  to  the  microwave  hyperfine 
transition  frequency,  the  optical  laser  frequency,  and  the  laser  intensity. 
Furthermore,  we  imagine  that  in  any  practical  device  the  laser  frequency  will 
be  actively  stabilized  to  the  center  of  the  atomic  absorption  line,  so  that  we 
take  3f/3I»0.  Thus,  the  frequency  fluctuations  of  the  atomic  standard  only 
depend  on  the  sensitivity  of  the  hyperfine  transition  frequency  to  the  laser 
frequency  fluctuations,  3f/3u,  and  the  magnitude  of  the  laser's  frequency 
fluctuations,  6u.  Obviously,  it  is  important  to  minimize  both  of  these 
quantities  for  the  best  performance. 

As  discussed  by  Mathur  et  al.^  one  can  minimize  3f/3u  by  increasing  the 
buffer  gas  pressure  in  the  resonance  cell.  However,  one  cannot  increase  the 
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Full  Width  at  Half  Maximum  of  the  Envelope  Function  Normalized 
to  the  Resonance  Cell  Length  as  a  Function  of  the  Relative  Photon 
Absorption  Rate. 


buffer  gas  pressure  without  bound,  because  once  the  pressure  broadening  of  the 
optical  absorption  line  exceeds  the  ground  state  hyperfine  splitting, 
depopulation  pumping  cannot  create  a  population  imbalance  between  the  two 
ground  state  hyperfine  multiplets.  Since  pressure  broadening  rates  are 
typically  on  the  order  of  10  MHz/Torr,^  and  since  the  Rb®2  ground  state 
hyperfine  splitting  is  ~7  GHz,  we  estimated  that  roughly  100  Torr  of  buffer 
gas  (our  calculation  assumes  nitrogen)  was  the  limit  on  the  maximum  buffer  gas 
pressure. 

Recently,  Ohtsu  et  al.^  estimated  the  ultimate  frequency  stability  of 
presently  available  diode  lasers  due  to  quantum  noise.  Basically,  the 
ultimate  frequency  stability  of  a  diode  laser  is  related  to  quantum  noise  via 
three  different  mechanisms.  Fundamentally,  there  is  the  direct  quantum  noise 
due  to  the  phase  noise  associated  with  spontaneous  emission.  Additionally, 
however,  because  the  index  of  refraction  of  the  diode  laser  depends  on  the 
carrier  density,  the  relaxation  oscillations  of  the  carrier  density  following 
a  spontaneous  emission  event  alter  the  phase  of  the  entire  laser  field. 
Furthermore,  since  the  carrier  density  relates  to  ohmic  heating,  and  since  the 
index  of  refraction  of  the  semiconductor  material  also  depends  on  temperature, 
there  is  an  additional  fluctuation  in  the  phase  of  the  laser  field  following  a 
spontaneous  emission  event.  Together,  these  processes  yield  a  white  noise 
Allan  variance  for  the  laser  frequency  stability  in  CSP  diode  lasers  aL(x )  of 
9.02  x  10"12//“ 

This  stability  could,  however,  be  improved  by  increasing  the  diode  laser 
cavity's  Q.  An  enhanced  cavity  Q  laser  could  be  made  either  by  increasing  the 
diode  laser's  facet  reflectivity  or  by  increasing  the  laser's  length.  In  this 
case  one  would  ultimately  be  limited  by  the  ability  to  lock  the  diode  laser 
frequency  to  an  atomic  absorption  line.  According  to  Shimoda,  °  for  a  perfect 
photodetector  and  3  mW  of  diode  laser  power  this  limit  is  o^L(x)  ■  8. 14  x  10~^ 
for  a  linear  absorption  technique. 

As  previously  mentioned  it  is  our  intent  to  calculate  the  frequency 
stability  of  the  atomic  standard  for  various  diode  laser  intensities. 

However,  the  partial  derivative  3f/3u  in  Eq.  (6)  is  evaluated  at  a  fixed  laser 


intensity.  Fortunately,  since  3f/3u  is  a  linear  function  of  the  laser 
intensity,  we  have 


3_f 

3u 


I 


(7) 


and 


(8) 


where  fQ  and  uq  are  the  0-0  hyperfine  transition  frequency  and  the  D2  optical 
transition  frequency,  respectively.  In  terms  of  the  Allan  variance  Eq.  (8) 
becomes 


I*CTy  (t)  * 


(9) 


where  oyC(T)  is  the  Allan  variance  of  the  clock’s  fractional  frequency  fluc¬ 
tuations  due  to  laser  frequency  fluctuations.  For  100  Torr  of  nitrogen,  using 
the  theory  of  Mathur  et  at. 
cm2/mW. 


,  ^  we  calculate  that  (u  /f  )  (32f/3u3I)  ■  0.68 

o  o 


C.  ATOMIC  STANDARD  STABILITY 

From  the  preceding  discussion  it  is  apparent  that  in  the  present  work  we 
consider  the  atomic  standard's  frequency  stability  to  result  from  two 
uncorrelated  processes.  The  first  is  the  shot  noise  at  the  atomic  standard's 
photodetector;  this  is  equivalent  to  the  noise  process  that  currently  limits 
the  short-term  frequency  stability  of  gas  cell  atomic  frequency  standards. 
Additionally,  there  is  the  laser  frequency  noise  which  is  transferred  to  the 
atomic  standard  via  the  light  shift  effect.  If  we  write  the  clock's  total 
white  noise  Allan  variance  as  (t )  ■  A//77  then  from  Eq.  (9)  we  have  for  A: 


(10) 


A2  -  a2(I )  +  0.46  B2!2 

where  CyL( t)  -  B//f 

-1  2 

9.02  x  10  for  current  CSP  diode  lasers 
P  “  —15 

8.14  X  10  for  an  enhanced  cavity  Q  diode  laser 

and  where  a(I)  is  the  atomic  standard’s  shot  noise  limit  coefficient  for  a 
laser  intensity  1  computed  by  our  nonempirical  model  of  the  gas  cell  atomic 
frequency  standard  as  modified  by  the  more  realistic  envelope  function  of  Eq. 
(5).  Parameters  used  in  the  present  calculation  are  collected  in  Table  1. 


1.  Parameters  Used  in  the  Calculation  of  the  Clock. 
Signal  Shot  Noise  Contribution  to  the  Diode 
Laser-Pumped  Gas  Cell  Clock's  White  Noise  Allan 
Variance. 

Parameter  Value 

Laser  Linewidth  50  MHz 

Nitrogen  Pressure  100  Torr 

Photodetector  Responsivity  0.5  amps/watt 

Microwave  Cavity  ^“111 

Microwave  Cavity  Length  3.8  cm 

Microwave  Cavity  Radius  1.35  cm 


IV.  RESULTS 


Figure  3  shows  how  Che  resonance  cell  CemperaCures  and  peak  microwave 
Rabi  frequencies  ChaC  minimize  Che  clock  signal's  shoe  noise  Allan  variance 
vary  wlrh  diode  laser  incensicy.  Since  Che  primary  effecC  of  a  cemperaCure 
increase  in  Che  model  is  Co  increase  Che  rubidium  number  density,  1C  is 
apparenC  from  Che  figure  ChaC  increasing  laser  inCensiCies  require  increasing 
alkali  vapor  densicies.  To  undersCand  why  ehis  Crend  is  physically 
reasonable,  ie  is  only  necessary  Co  realize  ChaC  Che  signal-co-noise  ratio  of 
Che  clock  goes  roughly  asAI/Vl^,  where  A1  is  Che  change  in  CransmiCCed  laser 
incensicy  due  Co  Che  microwaves,  and  Ie  is  Che  laser  incensicy  ac  Che  exic 
face  of  Che  resonance  cell.  If  Che  incldenC  laser  incensicy  increases,  Chen 
an  increase  in  Che  alkali  densiCy  can  boCh  increase  AI  and  decrease  le;  Chus , 
Chere  is  a  nec  Increase  in  Che  signal-Co-nolse  raCio.  However,  for  Al  Co 
increase  wlch  increasing  laser  incensicy  and  alkali  number  densiCy  (noce  ChaC 
an  increased  alkali  number  densiCy  implies  an  increased  spin  exchange 
relaxaCion  race)  chere  muse  be  a  concomiCanC  increase  in  Che  peak  microwave 
Rabi  frequency.  This  can  be  undersCood  by  noCing  ChaC  Che  value  of  AI  begins 
Co  sacurace  when  microwave  power  broadening  of  Che  transicion  lineshape  firsC 
secs  in. 

Shown  in  Fig.  4a  is  Che  minimum  Allan  variance  ChaC  can  be  obCained  in 
Che  scandard  clock  conf IguraCion  ac  a  parcicular  incidenC  laser  incensicy,  and 
Fig.  4b  is  a  magniflcaCion  of  Che  region  beCween  0.01  and  1  mW/cm^.  The  chree 
curves  are  for  Che  cases  where:  (1)  laser  quantum  noise,  laser  locking  noise, 
and  clock  signal  shoe  noise  all  contrlbuCe  Co  Che  frequency  scandard' s 
sCabillCy  (l.e.,  we  assume  a  commercially  available  diode  laser);  (2)  only 
laser  locking  noise  and  clock  signal  shoe  noise  conCribuCe  Co  Che  frequency 
sCandard's  sCabiliCy  (i.e.,  we  assume  an  enhanced  caviCy  Q  diode  laser);  and 
(3)  only  clock  signal  shoe  noise  influences  Che  sCandard's  sCabillCy.  The 
minimum  aCCainable  Allan  variances  of  Che  diode  laser-pumped  rubidium  gas  cell 
aComic  frequency  scandard  for  Che  Chree  different  cases  are  collected  in  Table 
2,  as  well  as  Che  corresponding  resonance  cell  temperatures  and  peak  microwave 
Rabi  frequencies.  The  most  important  points  Co  note  from  this  figure  are: 
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Best  Temperature  and  Rabi  Frequency  vs.  Laser  Power. 


Minimum  Attainable  Allan  Variances  of  the  Diode  Laser-Pumped 
Rubidium  Gas  Cell  Atomic  Frequency  Standard. 


The  best  shot  noise  limited  performance  is  obtained  at  relatively 
low  incident  laser  intensities.  Thus,  there  is  no  obvious  advantage 
to  operating  a  rubidium  gas  cell  clock  with  a  high  power  single-mode 
dye  laser. 

Whereas  in  presently  available  rubidium  gas  cell  frequency  standards 
the  white  noise  Allan  variance  is  limited  by  the  clock  signal's  shot 
noise,  the  present  calculations  indicate  that  diode  laser-pumped 
rubidium  gas  cell  frequency  standards  will  ultimately  be  limited  by 
the  frequency  stability  of  the  laser;  this  noise  is  transferred  to 
the  atomic  standard  via  the  light  shift  effect. 


V.  SUMMARY 


In  the  present  study  we  have  found  that  a  diode  laser-pumped  gas  cell 
atomic  frequency  standard  has  the  potential  for  orders  of  magnitude 
Improvement  over  existing  gas  cell  standards,  if  the  diode  laser  frequency  is 
well  stabilized.  In  order  to  put  these  results  in  the  proper  perspective, 
Fig.  5  compares  the  best  projected  Allan  variances  for  the  diode  laser-pumped 
gas  cell  atomic  frequency  standard  discussed  in  this  report  with  the  proposed 
performance  of  the  stored  Hg  ion  frequency  standard.  Additionally,  for 
reference,  the  present  performance  of  rubidium  gas  cell  atomic  frequency 
standards  is  shown.  Though  any  projection  of  frequency  stability  must  be 
taken  with  a  grain  of  skepticism,  it  is  clear  that  there  are  many  avenues  for 
order  of  magnitude  improvement  in  frequency  standards,  and  that  the  diode 
laser-pumped  rubidium  gas  cell  atomic  frequency  standard  is  a  very  attractive 
prospect. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  '‘architect-engineer"  for 
national  security  projects,  specializing  In  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff's  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Aerophysics  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermoraechanlcs ,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  exclmer  laser  development  Including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out-of -tield-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault-tolerant  computer  systems,  artificial  Intelligence,  micro¬ 
electronics  app l  icat ions ,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communicat ions ; 
microwave  semiconductor  devices,  microwave/tnl l 1 imeter  wave  measurements, 
diagnostics  and  radlometry,  microwave/millimeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  In  space  and  enemy-induced 
environments. 

Space  Sciences  Laboratory:  Magnetospheric,  auroral  and  cosmic  ray 
physics,  wave-particle  Interactions,  magnetospheric  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared  astronomy. 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
instrumentation. 


